About 15 years ago I attended a learning and memory meeting, where I heard a (then) young biologist describe a molecular model for long-term memory. The model, which featured a single neuron and centered on the cyclic AMP response element binding (CREB) protein pathway, was meant to synthesize insights from then-recent work on memory in Drosophila, Aplysia, and mouse. According to the speaker, the model could account for three different forms of learning that had been studied in these organisms, olfactory conditioning, sensitization, and spatial learning in the Morris water maze, respectively. I recall being struck by an implication of the speaker's claim, namely that the specific identity of the neuron in his model -whether a mushroom body Kenyon cell, an Aplysia sensory neuron, or a hippocampal CA1 pyramidal neuron -was more or less irrelevant, and that what truly mattered was the identity of the molecules engaged during each type of learning.
The above anecdote illustrates an ideology that appears, thankfully, to be waning in behavioral neuroscience. In particular, the notion that molecules possess an explanatory primacy in models of learned behavioral change appears far less attractive now than it did a decade ago. The main reason for the lessening attraction is an increased appreciation that knowledge of the specific ways in which the neural circuits that mediate a behavior are modified during learning is just as crucial as knowledge of the molecular changes triggered. The limits of the idea that merely identifying the molecular pathways engaged in a particular instance of learning is sufficient to explain the learning are nicely illustrated by two recent studies, one in the fruit fly [1] and one in the marine snail Aplysia [2] .
The first study [1] examined habituation of olfactory avoidance in Drosophila [3] . Flies, like most animals, tend to avoid odors they find aversive. But, when given prior exposure to a moderately aversive odor, flies will habituate to it. This learning can be quantified by giving the flies a forced choice between two arms of a Y-maze, one arm that contains the training odor and one that contains air; flies previously given habituation training avoid the aversive odor less than do naïve flies.
By way of background, insect olfactory sensory neurons reside in the antennae; the axons of sensory neurons, each of which express only one (or a small number) of odorant receptor genes, project to glomeruli in the antennal lobe (homologous to the vertebrate olfactory bulb). Within the glomeruli the sensory axons synapse onto odor-specific projection neurons, as well as onto local multiglomerular inhibitory interneurons. The projection neurons relay information from the glomeruli to the mushroom bodies, which play an important role in olfactory associative memory [4] .
Das et al. [1] found that four days of exposing flies to an aversive odor produced olfactory habituation that lasted several days. They also found that this long-term habituation depended on the strengthening of the synaptic connections between gamma-aminobutyric acid (GABA)ergic inhibitory interneurons and the projection neurons; and that the strengthening required cAMP signaling and the transcription of CREB within the interneurons specifically. But if the long-term habituation requires the activity of interneurons, the effects of which cross glomerular boundaries, how can odor specificity of habituation be maintained?
A key insight came from the discovery that the interneurons, besides releasing GABA, co-release glutamate. This, together with their additional finding that interneurons express N-methyl-D-aspartate (NMDA) receptors, led Das et al. [1] to conclude that prolonged exposure to the aversive odor leads to NMDA receptor-dependent long-term potentiation (LTP) of the interneuron-to-projection-neuron synapse; the LTP results from odor-induced depolarization of the projection neurons, via input from the olfactory sensory neurons (whose transmitter is believed to be acetylcholine [4] ), coupled with glutamate release from the interneurons. Thus, although an odor stimulant causes release of glutamate onto projection neurons within several glomeruli, odor specificity of long-term habituation is achieved through potentiated inhibition only at interneuronal connections with projection neurons depolarized by the odor. (The authors further suggest that odor-induced LTP causes enhanced release of GABA from the interneurons via a retrograde signal, although the details of this part of the story, if correct, remain to be worked out.) Strikingly, the plasticity-related molecules that are crucial for long-term olfactory habituation in fruit flies -cAMP, CREB, and NMDA receptors -are those prominently implicated in such disparate forms of learning as spatial learning in the Morris water maze [5] [6] [7] and fear conditioning [8] [9] [10] . But there is no conceivable way to understand how the joint activity of these molecules results in, for example, lessened avoidance of a funky odor by a fly, reduction in the time it takes to find a hidden platform in a tank of murky water by a mouse, or increased freezing by a rat to a tone that happened to precede an electrical shock, without a detailed understanding of the neural circuits that mediate each of these behaviors, as well as knowledge of the specific sites of learning-induced neural plasticity in each instance.
The second study [2] concerns a form of operant conditioning in Aplysia. Here, the authors examined the molecular basis of learning by the snails that food is inedible. It is difficult to convince an Aplysia that a morsel of seaweed cannot be ingested; but if the seaweed is presented in a plastic net to the animal, after repeated attempts to swallow the netted seaweed the animal will eventually give up. Previous work by Michel and colleagues [11] had shown that this type of operant conditioning can exhibit short-term (lasting 30 min) and long-term (lasting 24 hours) forms, and that these two forms are mechanistically, as well as temporally distinct.
In [2] found that the induction and maintenance of the operant learning depended on protein kinase C (PKC).
Through the use of inhibitors differentially selective for the various isoforms of PKC, the authors identified PKM, the constitutively active fragment of PKC, as the critical isoform necessary for the induction and maintenance of the intermediate-term memory for learning that the netted seaweed is inedible. This finding is suggestive in light of evidence that PKM also underlies the persistence of memory in the mammalian brain [15] [16] [17] . Furthermore, maintenance of both the intermediate-and long-term memory for sensitization in Aplysia depends on PKM as well [18, 19] . But, puzzlingly, Michel et al. [2] determined that the maintenance of the long-term memory for operant learning did not require PKM activity.
This finding is not unprecedented; it has also been reported that memories for some forms of mammalian learning do not appear to be maintained by PKM [20] . Moreover, it is possible that the apparent lack of an effect of PKM inhibition on the maintenance of the memory for operant conditioning of feeding in Aplysia resulted from some quirk of methodology, although Michel et al. [2] performed extensive control experiments to rule out this possibility. Taking these new results at face value, it is difficult to comprehend why the molecules underlying maintenance of the long-term memory for behavioral sensitization and those underlying maintenance of the long-term memory for operant conditioning of feeding should differ, particularly when the molecular bases of these two types of intermediate-term memory are otherwise quite similar.
The answer to this conundrum will require detailed information about specific, conditioning-induced changes within the neural circuits that are recruited during the learning in Aplysia, like the information that Das et al. [1] provided for olfactory habituation in Drosophila. The take-home lesson from the two studies [1, 2] discussed here is that knowledge of the key molecular players does not provide a short cut to understanding memory and cognition; behavioral neuroscientists aiming toward this goal still face a long, hard slog. It is beyond doubt that mitochondria and plastids (chloroplasts) evolved from free-living organisms enslaved by other cells. All mitochondria trace directly to a single endosymbiosis involving an a-proteobacterium [1] , but plastid evolution has been more complex. Plastids evolved from a so-called primary endosymbiosis of a cyanobacterium taken up by a eukaryotic heterotroph [2] . This endosymbiosis resulted in plastids surrounded by two membranes, which are found in glaucophytes, red algae, and green plants. Primary plastid-containing algae, both green and red, later were incorporated via secondary endosymbiosis into other heterotrophic eukaryotes resulting in complex plastids [2] . 'Green' secondary plastids are found in three algal groups (e.g., euglenids), whereas those of 'red' origin occur in as many as six algal lineages (e.g., cryptophytes, haptophytes, dinoflagellates). We also know of tertiary plastids that are derived from algae with secondary plastids (e.g., from haptophytes) in a few dinoflagellates [2] .
How can we explain the occurrence of distinct kinds of plastids in so many eukaryotic lineages? The prevailing view, representing a paradigm of cellular evolution, posits that this distribution resulted from only a few endosymbiotic events in the ancestors of large eukaryotic clades. For example, originally it was suggested that all secondary plastids trace back to one 'green' and one 'red' endosymbiosis [3] . This was based on the assumption that the transformation of an endosymbiont into an organelle is very difficult and is, therefore, an exceptionally rare event [3] . A hallmark of mitochondrial and plastid evolution was massive gene transfer from the endosymbiont genome to the host nucleus [4] , which necessitated the evolution of an import apparatus for protein products of transferred genes along with their amino-terminal targeting signals. However, despite the perceived difficulty of 'inventing' such protein transport, available data clearly indicate that 'green' secondary plastids evolved on three separate occasions [2] . Evidence also suggests that, among 'red-derived' plastids, only those in cryptophytes have a secondary origin, whereas all others evolved by tertiary (or serial) endosymbioses, as has been demonstrated for unusual dinoflagellate plastids [2] .
While eukaryotic alga-derived plastids clearly have been acquired by distinct eukaryotic hosts on multiple occasions, classical primary plastids appear to be derived from a single cyanobacterial endosymbiosis [2] (but see [5] ). This suggests that transformations of prokaryotic endosymbionts into cell organelles were exceptionally rare events (consider also the single origin of mitochondria). A new challenge to this view comes from recent protein import studies by Nowack and Grossman [6] in Paulinella chromatophora. The amoeba harbors photosynthetic cyanobacterial endosymbionts with two envelope membranes, which were acquired independently of classical primary plastids from distinct cyanobacteria, 60 Mya versus 1,500 Mya, respectively [7] ( Figure 1A) . Interestingly, Paulinella endosymbiont genomes have lost w75% of their ancestral coding capacities and at least 30 endosymbiont genes have been identified as being expressed in the host nucleus [8] , indicating the existence of a protein import mechanism.
Most proteins imported into classical primary plastids carry amino-terminal transit peptides that target them across the plastid envelope post-translationally via Toc and Tic translocons [9] . Because some of the Paulinella endosymbiont genes transferred to the host nucleus appear to encode signal peptides, it was hypothesized that these endosymbionts/organelles import their nuclear-encoded proteins via the endomembrane system [7] . Nowack and Grossman provided experimental evidence for this by demonstrating that three photosynthetic proteins, PsaE, PsaK1, and PsaK2, are imported into Paulinella organelles via the Golgi apparatus [6] (Figure 1B) . However, despite their Golgi-mediated targeting, these three proteins are devoid of cleavable amino-terminal signal peptides [6] usually responsible for co-translational protein entrance into the endomembrane system. Nevertheless, both PsaK1 and PsaK2 have strongly hydrophobic amino-terminal domains that resemble those of signal peptides [10] . The case of PsaE is more controversial. Although PsaE from Paulinella strain CCAC 0185, investigated by Nowack and Grossman, is devoid of any amino-terminal hydrophobic domains [10] , its homolog from strain FK01carries an identifiable signal peptide [7] . It is possible that other proteins imported into Paulinella organelles (e.g., PsbN) also evolved signal peptides [10] , making
